Abstract. Temperature soundings are performed by lidar at the mid-latitude station of Kühlungsborn (Germany, 54 • N, 12 • E). The profiles cover the complete range from the lower troposphere (∼1 km) to the lower thermosphere (∼105 km) by simultaneous and co-located operation of a Rayleigh-MieRaman lidar and a potassium resonance lidar. Observations have been done during 266 nights between June 2002 and July 2007, each of 3-15 h length. This large and unique data set provides comprehensive information on the altitudinal and seasonal variation of temperatures from the troposphere to the lower thermosphere. The remaining day-today-variability is strongly reduced by harmonic fits at constant altitude levels and a representative data set is achieved. This data set reveals a two-level mesopause structure with an altitude of about 86-87 km (∼144 K) in summer and ∼102 km (∼170 K) during the rest of the year. The average stratopause altitude is ∼48 km throughout the whole year, with temperatures varying between 258 and 276 K. From the fit parameters amplitudes and phases of annual, semi-annual, and quarter-annual variations are derived. The amplitude of the annual component is largest with amplitudes of up to 30 K in 85 km, while the quarter-annual variation is smallest and less than 3 K at all altitudes. The lidar data set is compared with ECMWF temperatures below about 70 km altitude and reference data from the NRLMSISE-00 model above. Apart from the temperature soundings the aerosol backscatter ratio is measured between 20 and 35 km. The seasonal variation of these values is presented here for the first time.
Introduction
Temperature is one of the most fundamental and important quantities to describe the Earth's atmosphere. The altitudinal and seasonal variations are a result of radiative, chemical, and dynamical effects (cf., e.g., Garcia, 1989) . Radiative forcing has the main effect on the background temperature structure, e.g. the middle atmosphere is heated by the absorption of solar UV radiation by O 2 and O 3 (Mlynczak and Solomon, 1993) and cooled by the emission of infrared radiation by CO 2 (Andrews et al., 1987) . Dynamical forcing produces major deviations from the radiative equilibrium in the middle atmosphere. Direct energy deposition by wave dissipation is added by momentum deposition, slowing down or reversing the zonal wind. This results in a strong meridional circulation, which is connected with upwelling (summer) and downwelling (winter) above the poles and midlatitudes, i.e. with adiabatic cooling and heating (Lindzen, 1981; Holton, 1982) . Exothermic chemical reactions provide an additional heat source of the atmosphere, while airglow in the mesopause region or chemiluminescence are acting as energy sinks (Riese et al., 1994) .
Detailed and high-resolved observations of the temperature structure are strongly needed for the examination of the atmosphere's energy budget, dynamics and chemistry. Temperature data sets can be used for the validation of General Circulation Models (GCM) etc. State-of-the-art GCMs often cover the whole range from the troposphere to the (lower) thermosphere, reflecting the importance of vertical coupling for the description of the atmospheric state. In contrast to this many observational techniques can only be used in a limited altitude range. Comparisons therefore require the combination of different techniques with their individual limitations. E.g. radiosondes provide a high altitude resolution (∼100 m) in the troposphere and lower stratosphere, but are often limited to one or two profiles per day and altitudes below ∼30 km. Disturbing effects of natural variability can often be reduced by multi-year averaging. Satellite soundings become increasingly important as they cover partly extended altitudes from the stratosphere to the lower thermosphere (e.g. Shepherd et al., 2001; Mertens, 2001; Xu et al., 2007) . They provide a global view, but due to orbit constraints they need long data series to overcome drawbacks of zonal averaging and/or local time coverage. The vertical resolution is often in the range of 3-4 km, i.e. worse than many GCMs. Systematic errors might occur due to nonlocal thermodynamic equilibrium especially in the summer mesopause region at mid and high latitudes (Kutepov et al., 2006) or difficulties in the calculation of geometric altitudes (Sica et al., 2008) . GPS radio occultations provide a good local time and zonal coverage, but are limited to the troposphere and (low/mid) stratosphere (e.g. Gobiet et al., 2005) . Various types of rocket soundings are performed to measure temperatures in the mesosphere at several locations (e.g. Lübken, 1999; Lübken et al., 2004) . The lack of temporal resolution can be avoided by combination of different data sets at a single locations. Unfortunately, rocket soundings are still sparse, especially at mid-latitudes, and provide typically only snapshots of the atmosphere (e.g. Hirota, 1984; Kubicki et al., 2006) . Lidar observations are as well limited to a few fixed locations. Depending on the particular technique typical altitude ranges are 0-30 km, 30-80 km, or 80-110 km (cf., e.g. Hauchecorne et al., 1991; Yu and She, 1995; Wickwar et al., 1997; Leblanc et al., 1998; States and Gardner, 2000; Friedman and Chu, 2007) . Time resolved observations allow the identification of gravity waves and tides that average out in the nightly or daily mean. Typical altitude resolutions of ∼1 km are fine compared to satellite data.
In this paper we describe the temperature structure at Kühlungsborn (Germany, 54 • N, 12 • E). Although that this is a mid-latitude site, it is still influenced by polar phenomena like Noctilucent Clouds (NLC) (cf. Gerding et al., 2007b) or Sudden Stratospheric Warmings (SSW). This makes an important difference to more equatorward stations like Observatoire d'Haute Provence, France at 44 • N (Hauchecorne et al., 1991) , Fort Collins, Colorado at 41 • N or Urbana, Illinois at 40 • N (States and Gardner, 2000) , even if they are only separated by a few degrees in latitude. The temperature structure at the latitude of 54 • N provides an important benchmark for general circulation models as well as substantial information for retrieval of atmospheric parameters from satellite soundings. As our site is located at the edge of the Noctilucent Cloud/Polar Mesospheric Cloud (NLC/PMC) existence region, it provides a reference point for the understanding of ice particle generation and potential NLC/PMC trends. The seasonal variation of gravity wave activity has recently been published by Rauthe et al. (2008) for part of the data described here.
We present a summary of more than 1850 h of data. By use of three different scattering types and combination of two lidars an altitude range between 1 and 105 km is covered with identical temporal and spatial resolution. To the best of our knowledge this is the first comprehensive temperature data set covering the whole range from the troposphere to the lower thermosphere. In the following we first give an update on our lidar systems. In Sect. 3 we present the temperature observations for the period June 2002 to July 2007. A harmonic fit of the temperature variation is calculated for each single altitude bin. By this the natural variability is blanked and a more representative data set is obtained (Sect. 4). Of particular interest are the temperatures and altitudes of the mesopause and stratopause that are presented in Sect. 5. In Sect. 6 we compare our data with the most recent MSIS climatology (NRLMSISE-00, cf. Picone et al., 2002) and ECMWF analyses. In the last section we discuss our results and compare with other ground-based and space-based observations.
Description of the lidar systems
At the Leibniz-Institute of Atmospheric Physics we combine a Rayleigh-Mie-Raman (RMR) lidar (Alpers et al., 2004 ) and a potassium resonance lidar (K lidar) (von Zahn and Höffner, 1996) to achieve temperature profiles from the troposphere to the lower thermosphere. The RMR lidar uses the well known Rayleigh temperature retrieval (hydrostatic integration of the density profile) and the rotational Raman method. Our lidar systems and the combination of the methods are described by Alpers et al. (2004) . Below we show an example of a temperature sounding from June 2005 and describe recent updates of the setup.
The temperature profiles at Kühlungsborn are a combination of potassium resonance temperatures (∼85-105 km), Rayleigh temperature profiles in two altitude ranges using separate telescopes and detectors (∼44-85 km and 34-46 km), aerosol-corrected Rayleigh-temperature profiles (∼22-33 km), and rotational Raman temperatures (∼1-25 km). Figure 1 (left) shows an example of a temperature profile at 20 June 2005 with 1 km vertical resolution after 1 h of integration (22:30-23:30 UT). The individual methods are displayed in different colours. The potassium lidar covers the range from the top of the profile down to 85 km altitude due to the limited extension of the K layer in summer (cf. Eska et al., 1998) . The Mesosphere-Rayleigh channel provides temperatures below 86 km using the K lidar observations at 88 km as a start value for density integration. This channel measures down to 44 km altitude. The data at 48 km are used as a start value for the Stratosphere-Rayleigh channel yielding data between 46 and 22 km altitude. Below 34 km this channel is corrected for additional aerosol backscatter (see below). The rotational Raman temperatures are used below 25 km. The error bars at the particular profiles denote the uncertainty of photon count statistics. The typical statistical uncertainty is about ±2-3 K. In this study we only use data points with an uncertainty of less than ±10 K. We will concentrate on nightly averages calculated from hourly profiles like the example in Fig. 1 . The statistical uncertainty of nightly means is strongly reduced compared to the single profiles and depends on the length of the sounding. In the following we will partly neglect the statistical uncertainty since it is small compared to the natural variability (typically 4-10 K depending on altitude and season). The right part of Fig. 1 shows in detail the profiles in the troposphere and lower stratosphere. A simultaneous temperature profile from a co-located radiosonde launch is presented for comparison (red line). The lidar integration time covers approximately the flight time from the ground to the tropopause, whereas the stratospheric part of the radiosonde profile is observed after the lidar integration time. The tropospheric temperatures agree nearly perfectly except for the lowest data point of the lidar profile. The gradients in the tropopause region are partly underestimated by the lidar due to its coarser altitude resolution. In the stratosphere the in-situ and remotesensed data agree well, taking the increasing horizontal and temporal distance between lidar and drifting radiosonde into account (max ∼30 km, 1 h).
Hydrostatic temperature retrievals from elastic backscatter are affected by the presence of aerosols, as the backscatter is no longer proportional to the density. The mesosphere and upper stratosphere are normally anticipated as aerosol-free. However, in the lower stratosphere there is a background aerosol layer that might extend well above 20 km. To correct for any additional aerosol backscatter at the 532 nm wavelength channel used for the Rayleigh temperature retrieval, we simultaneously observe the 608 nm N 2 vibrational Raman backscatter . This is used to calculate the backscatter ratio R of total and molecular backscatter on a nightly mean basis. We have corrected every elastic backscatter profile applying R to yield the true density profile needed for the temperature retrieval. Figure 1 shows the Rayleigh temperatures with and without aerosol correction as solid and dotted green lines, respectively. After the correction the lidar observed temperature profile shows perfect agreement with the radiosonde observation. The aerosolinduced bias is largest in the lowest Rayleigh channels (up to ∼7 K) and remains significant up to about 31 km. The aerosol correction based on observed R profiles is available since February 2004. Before that date, an aerosol correction based on an empirical average R profile has been applied (Alpers et al., 2004) .
The N 2 vibrational Raman backscatter is observed up to ∼50 km altitude. It is taken as a measure for the molecular backscatter after normalization to the 532 nm signal at an aerosol-free altitude. The latter contains both molecular and aerosol backscatter (i.e. total backscatter). The normalization is taken at about 34 km altitude to avoid errors due to the decreasing photon statistics above. The atmosphere is assumed to be aerosol free above this altitude, in good agreement with other observations (e.g. Vaughan and Wareing, 2004) . The aerosol correction provides a data set of backscatter ratios in a height region that is rarely covered by regular aerosol soundings from lidars and satellites. By our regular N 2 Raman soundings we yielded for the first time an extensive ensemble of backscatter ratios in the mid-stratosphere. The data sets covers 213 lidar observations since 11 February 2004, each of more than 3 h duration. Figure 2 shows the seasonal variation of the backscatter ratio R in the altitude range 20-35 km. Between March and October only small seasonal variations of R occur. After smoothing across ±30 days some variability remains. But this is mostly due to a high night-to-night variability (not shown here) and less induced by periodic seasonal variations. Between December and February and in August/September an increase in the backscatter ratio in the 20-30 km range is obvious. Above 30 km, again any potential seasonal variation remains hidden behind variability on the scale of days. Independent from season the backscatter ratio decreases with altitude up to the upper end of our observation range (here: 34 km, with R=1.0 by definition). As a rule of thump we observe a backscatter ratio R=1.1 at 21 km, R=1.06 at 23-24 km, R=1.04 at 25 km, and R=1.02 around 28 km. Above 30 km we mostly observed R<1.01.
Seasonal variation of temperatures from observed data
The lidar observations at Kühlungsborn were performed throughout the five years whenever weather conditions allowed. 266 nights of lidar operation between June 2002 and July 2007 are used for this study, each of at least 3 h and up to 15 h combined operation of K lidar and RMR lidar. With this data set all seasons are covered, but with less soundings in winter due to bad weather conditions. Figure 3 gives an overview on the distribution of nights throughout the seasons. Each nightly mean profile shows the temperature in colour coding. The figure provides also a histogram with the number of observations per night (e.g. 1 at 7, 9 and 10 January, and 2 at 15 January, . . .). Only few periods of about two weeks without sounding can be found in Fig. 3 . Nevertheless, several dates have been sampled more than once within the five years. Almost all profiles reach an altitude of 100 km, and most of the data extend up to 105 km and above. Only in summer some gaps between 100 and 105 km exist due to the limited extension of the K layer (Eska et al., 1998) . Above 105 km the number of data points decreases and the seasonal coverage gets worse. Therefore we limit all further studies of the mean state and seasonal variations to the height range of 1-105 km. Some general features of the temperature structure above Kühlungsborn can be identified from Fig. 3. i) Most obvious is the cold summer mesopause between 85 and 90 km.
ii) Part of the winter data show a comparatively warm stratopause.
iii) During winter the night-to-night variability in stratopause region and mesosphere is high.
We will address these topics in more detail later. To reduce the night-to-night variability we have calculated monthly mean profiles, averaging e.g. all January nightly mean observations of the different years to a single profile. Figure 4 and Table 1 show the monthly mean profiles and their standard deviations (based on nightly averages). First we concentrate on absolute temperatures. In the lower stratosphere between about 10 and 30 km two seasons can be distinguished: The winter season covers the months November to February and is characterized by a temperature decrease with altitude. During the rest of the year there is partly a small range with nearly constant temperatures up to about 25 km, but a general positive gradient between tropopause and 30 km altitude. In several months (independent from season) a small temperature inversion is visible above the tropopause. The stratopause in the monthly means is always slightly below 50 km, with the exception of January (43 km) and November (52 km). For the mesopause altitude the monthly means reveal two states: Between May and August the temperature has a pronounced minimum at 86/87 km. The mesopause temperature drops down to ∼144 K in June/July. Compared to this, May and August are about 10 and 15 K warmer. During the rest of the year the mesopause altitude is slightly above 100 km, and by this partly not covered by the monthly means. We point out here that the transition between both periods is very fast (see below), i.e. a mixed state does not exist in terms of monthly means. Earlier observations describe two local temperature minima in spring and autumn seasonal averages, when data from the two mesopause states are mixed. These situations are described as double temperature minima or double mesopause (cf., e.g. She et al., 1993; Berger and von Zahn, 1999) . Our monthly mean profiles do not show a double mesopause. Mesopause observations within individual nights are described later.
The standard deviations of the nightly means also have a distinct altitudinal and seasonal variation (Fig. 4) . The variability is generally larger in winter and smaller in summer. The strongest seasonal effect occurs in the upper stratosphere and lower mesosphere where the standard deviation varies by a factor of ∼4-10 (cf. Rauthe et al., 2008) . The high variability in winter is mostly due to planetary wave activity and inter-annual variability. The altitudinal variation also depends on season. Between January and May the standard deviation initially decreases with altitude around the stratopause and increases again above ∼60 km. variability in the mesosphere can be found. Additionally, there is an obvious decrease in the standard deviation in the upper mesosphere in November and December. The high variability in the range between 70 and 80 km, is due to socalled mesospheric inversion layers (MIL) (see, e.g. review by Meriwether and Gerrard, 2004) and strong gravity and tidal waves, remaining in the nightly mean profiles even after integration of up to ∼15 h. Further analysis of gravity wave signatures in our lidar observed temperatures is presented by Rauthe et al. (2006 Rauthe et al. ( , 2008 . The analysis of MIL is outside the scope of this paper.
Harmonic fit of temperatures
The night-to-night variability implies some difficulties to extract an undisturbed representative temperature structure for our location even with our extended data base. We compare the seasonal dependent night-to-night and interannual variability for different altitudes (30, 65, 74, 87 km) in Fig. 5 . The individual nightly mean temperatures are given as single dots. Additionally, the figure shows smoothed and fitted data of the temperature. We have chosen a Hanning filter with ±30 d width to eliminate all variations with scales shorter than about one month. A representative mean temperature is calculated by harmonic fits. Harmonic fits inherently provide some periodic seasonal variation. The harmonic fit presented here uses at first an annual variation due to the changing illumination from the sun. A semi-annual harmonic is added due to some dynamic processes like the observed stratospheric warmings that are of different phase as the solar irradiance. A quarter annual component has been added to identify the characteristics of the remaining variations. It will be shown later that this harmonic is only of minor importance. In summary we use a harmonic equation of the form
with A 0 (z) mean temperature at altitude z, t time in days, A i (z) and ϕ i (z) amplitudes and phases of the annual (i=1), semi-annual (i=2) and quarter-annual (i=3) variations.
describes the frequency, with P i the period (in days) of the different variations.
At 30 km the night-to-night variability of temperatures is generally small (standard deviation ∼3−5 K, cf. Fig. 4) . Only during the winter season (October-March) the temperature deviates by up to 25 K from the mean due to planetary wave activity. The temperatures vary strongly with season with a peak-to-peak value of ∼25 K. In the lower mesosphere at 65 km the seasonal variation is strongly reduced compared to 30 km, i.e. it is smallest compared to all altitudes below 100 km. By this, the seasonal variation is partly lower than the night-to-night variation at this altitude. The latter is strongest in winter, related to mesospheric cooling events accompanying stratospheric warmings. The average temperature at 65 km decreases continuously in time by about 10 K between June and September, followed by a fast increase of 10 K till the end of October. The Hanning filtered data sets shows some strong variation between October and January, but this data set obviously does not represent a mean state but is affected by the high variability and a bad sampling due to weather conditions. The harmonic fit eliminates this signatures of the smoothed time series, while the observed nightly averages are still nicely reproduced. In other words, the fitted time series can be anticipated as the best representation of the data and as a mean state in a climatological sense.
At 74 km a distinct seasonal variation is again obvious. The peak-to-peak value is about 30 K with the minimum in summer as expected for the upper mesosphere. The nightto-night variability is generally higher than below, but still about four times higher in winter than in summer. Again, the smoothed time series shows some variations that are partly due to a bad sampling in winter, while the harmonic fit nicely represents the winter data. The largest seasonal variation is observed in the region around 87 km altitude. In average it is up to about 50 K, with the difference between extreme values being much higher (nearly 100 K). In April and May the temperatures decrease fast and are minimal in the high summer at June/July. Conversely, in August a fast increase of temperatures at 87 km is observed. The cold summer season is much shorter than the winter. In winter the night-to-night-variability at 87 km is about as large as in the mid-mesosphere, whereas the summer variability is increased compared to lower altitudes. The harmonic fit reproduces not only the general behaviour of temperatures at 87 km altitude, but also the fast transitions in April and August as well as the temperature minimum in June/July. The temperature minimum of ∼144 K occurs nearly at summer solstice around day 169 (18 June).
The fitted data allow to determine the slopes of the temperature changes within a particular altitude. The seasonal variation is more or less asymmetric at all altitudes displayed in This slope results in a temperature decrease (increase) by ∼20 K within a single month. The fast temperature change leads to the formation (back-formation) of the summer mesopause within a couple of days in spring (autumn), without a double mesopause structure in the monthly means.
At 65 km the slope is different due to the low seasonal variation. Here the average temperature decrease between mid of May and mid of September is −0.1 K/d, followed by an increase until November. The change of the slope in September/October is too fast to be captured by the harmonic analysis. For the other seasons the fit reveals nearly constant temperatures at 65 km. We will examine amplitudes and phases of the different harmonics later in more detail. Figure 6 shows a) the fitted climatological mean temperature structure for the whole range between 1 and 105 km at Kühlungsborn and b) the difference between the observed and fitted temperature structure. The data of Fig. 6a are tabulated in the supplement http://www.atmos-chem-phys.net/ 8/7465/2008/acp-8-7465-2008-supplement.pdf of this publication for intervals of 10 d and 3 km, the altitude-dependent fit parameters are described below. The fit results from annual, semi-annual and quarter-annual harmonic fits as described above. The dipole structure in summer with a warm summer stratopause and a cold mesopause is clearly visible. The temperature in the stratosphere has a clear annual variation with a minimum in winter. Above the stratopause the amplitude of the seasonal variation decreases and the phase reverses, producing a nearly isothermal layer around 65 km. In the upper mesosphere the isolines of temperatures clearly show the asymmetry in the seasonal variation with a faster autumn transition. A downward progression of the cold phase is indicated between 55 and 105 km. The prominence of the warm winter stratopause is strongly reduced compared to the single observations displayed in Fig. 3 (265 K to about 300 K in single nights), but the temperature increase from autumn to winter is still clearly visible. In Sect. 5 we will examine the altitudes and temperatures of the stratopause and ature structure above Kühlungsborn. Figure 6b shows the difference between the observed nightly mean profiles (cf. Fig. 3 ) and the harmonic fit. The differences are smoothed in time by a ±10 day Hanning filter to yield a better visualization of the differences. In general the harmonic fit nicely represents the general features of the observed temperature structure. There are neither altitude ranges nor seasons with a bias between the pure observations and the fit. For most of the seasons the difference is less than 5 K at all altitudes. Only in winter larger differences occur. As the differences are both negative and positive they are mostly due to natural night-to-night and year-to-year variability, i.e. planetary wave activity. In December and January a slight cold-bias of the fitted temperatures in the stratopause region and a warmbias in the mesosphere exist, indicating that the highly variable temperature structure in the stratopause region can not be described in full detail with our harmonic analysis. Amplitudes and phases of the annual, semi-annual, and quarter-annual components vary strongly with altitude ( Fig. 7 and Table 2 ). The annual component dominates nearly at all altitudes. It is largest at 85 km altitude with an amplitude of nearly 28 K (i.e. peak-to-peak value of 56 K). Other maxima are found in the lowermost mesosphere, the mid-stratosphere and the troposphere. The semi-annual component is strongest around 43 km and 87 km. The quarterannual component is always small and its amplitude does not exceed 3 K. Therefore, generally annual and semi-annual variations are sufficient to describe the seasonal variation at all altitudes.
In Fig. 7b we have plotted the phase maxima (i.e. the days where the temperature is maximal) for every altitude where the amplitude of the fit exceeds 1 K. In the other regions the phases can not be estimated exactly and the particular harmonic component is of only minor importance. The annual component in the upper mesosphere has a phase maximum in winter due to the higher winter temperatures. Around 65 km there is a fast phase shift by about 4 months due to the summer dipole character of the stratopause and mesopause. Below 55 km the annual component is always in the summer phase with only slight shifts in the order of one month. At the tropopause a distinct phase jump of one month is observed, resulting in a phase maximum near the end of July. The tropospheric and stratospheric phases can be explained by the influence of the sun. The tropospheric weather reacts with a delay of about one month to the changing solar elevation. The stratosphere is more radiatively controlled especially by the absorption of light by ozone. The phase of temperature changes synchronously to the sun. The winter phase maximum in the upper mesosphere is independent from the solar irradiation. It is well known that the mean temperatures in the upper mesosphere are more dynamically than radiatively controlled.
The phase maxima of the semi-annual component are e.g. at the end of March around 85 km and at the end of June around 45 km. In the stratopause region the phase is clearly due to the two maxima in stratopause temperatures in summer and winter. In the region between 80 and 90 km there is no direct geophysical reason for the phase maximum. Here the phasing produces the fast temperature change in spring and autumn. The quarter-annual component is always small, as described above. However, its phase is strongly coupled to the phase of the semi-annual fit. This gives reason for the assumption that the quarter-annual variation has no own geophysical cause but occurs as a higher harmonic.
A remarkable similarity also exists in the phase velocities of the different harmonics. Nearly always negative phase 
Seasonal variation of stratopause and mesopause
The continuous set of temperature profiles between 1 and 105 km allows to observe the stratopause and mesopause by the same instrumental technique. Even though our observations cover also the tropopause region, we have to acknowledge that other data sets like radiosonde climatologies provide a much better resolution at this heights. Therefore we concentrate on the stratopause and mesopause, with their temperatures and altitudes shown in Fig. 8 . The temperature extrema calculated from the nightly mean profiles are plotted as single data points in black. Nightly means are still affected by different kinds of waves (gravity, tidal, planetary) which reduces e.g. the comparability with other data sets and models. Therefore we also plotted the fitted temperature field (red line) and interpret only these as stratopause and mesopause. Additionally, the identification of the stratopause is limited to the altitude range 30-60 km and of the mesopause to 75-105 km in order to avoid false interpretations. Within these ranges the absolute temperature extrema will be interpreted as stratopause/mesopause. It should be noted that especially the mesopause can not always be identified from our data set (individual points and fit), as temperatures in winter partly decrease up to the top of the profiles. The altitude of the stratopause is nearly constant throughout the year. It varies between 47 and 49 km without any clear seasonal cycle. The altitude of the temperature maximum in individual nights might differ by up to ∼10 km from the "climatological" stratopause. The differences are largest in winter and connected with stratospheric disturbances and polar vortex shifts. In contrast to the altitude of the stratopause its temperature has a clear semiannual cycle with a winter maximum due to the stratospheric disturbances already mentioned above. The summer stratopause (∼275 K) is slightly warmer than the winter stratopause (∼266 K). Also the spring/autumn minima in stratopause temperatures are not identical, but autumn temperatures more than 5 K lower. Looking at the seasonal variation of stratopause temperatures maxima occur around solstices, while minima are before (spring) and after (autumn) equinoxes.
Mesopause altitudes vary by about 15 km throughout the year. This variation is by far not harmonic but can be represented with a bi-stable state with the mesopause being in the lower level for about 120 days between May and August and in the higher level (∼102 km) for the rest of the year. Within the summer months a slight altitude decrease from 87 to 85 km is observed, caused by the temperature Fig. 9 . Difference of fitted lidar observations and reference data sets. Above the yellow line the NRLMSISE-00 is used as reference, below ECMWF-analyses.
decrease (shrinking) in the upper mesosphere during summer. The transition between the upper and lower mesopause level is nearly instantaneous and an intermediate state practically non-existing. Only within single nights the temperature minimum is found between 90 and 95 km. But here effects of gravity and tidal waves have to be taken into account, which might remain in the data even after some hours of observations. The temperature of the mesopause changes more continuously, especially in summer when the mesopause is low. The temperature minimum of ∼144 K occurs around day 169, i.e. a few days before summer solstice. The transition to the upper-level-period of the mesopause is smooth and the temperatures during that time more variable. Between September and April the mesopause temperature shows no distinct seasonal variation but is in average roughly constant at ∼170 K with high night-to-night variability. Overall, the temperature of the mesopause changes throughout the year by ∼30 K, i.e. much less than the temperature variation at about 87 km.
Comparison with climatologies and analyses
The temperature profiles observed above Kühlungsborn by lidar are compared with other data both on a climatological and an event basis. In the following we compare our data with the most recent reference atmosphere NRLMSISE-00 (Picone et al., 2002) above ∼65 km and the meteorological analyses from the European Centre for Medium Range Weather Forecast (ECMWF) below. The ECMWF model assimilates various observations from satellites, balloons and groundbased stations. By this they provide the most representative data set for the troposphere and stratosphere. Above that region observations and model results have been summarized in the NRLMSISE-00 climatology. Recently we have compared our data also with temperature data of the FTS instrument onboard the ACE-SCISAT satellite and found differences especially in the summer mesopause region (Sica et al., 2008) . In this region a known bias exists in many satellite measurements of temperature (cf. Kutepov et al., 2006) . For further comparisons we refer to the discussion section of this paper.
In Fig. 9 the differences of the lidar temperature profiles and the combined NRLMSISE-00/ECMWF data set are plotted. For the lidar data the result of the harmonic fit (see Fig. 6 ) is taken as reference. ECMWF analyses are available for every single day and 00:00, 06:00, 12:00, and 18:00 UT. We have selected the 00:00 UT profiles for all nights to get the most unbiased comparison. From NRLMSISE-00 the climatological data set for our location is used. The NRLMSISE-00 temperatures are mostly higher than the lidar observations by up to ∼25 K (typically 10 K). Only for a short period after summer solstice the reference atmosphere shows lower temperatures than the mesopause region in our observations. In summary, the temperatures around 87 km are too high in the reference data set and the phase of the seasonal variation is shifted by a couple of days. In the stratopause region the high temperature difference in winter is most obvious. Especially in the beginning and end of winter the lidar observed temperatures are higher than the analyses of ECMWF. This is partly due to some suppression of stratospheric warming events in the analyses data set, as also revealed from direct comparison of individual ECWMF-profiles and simultaneous lidar data (not shown). On the other hand the lidar-observed temperatures may be biased to higher values due to some incomplete sampling in winter. Nevertheless this effect is reduced by the harmonic analyses (cf. Fig. 6 ) and will be further reduced by additional soundings in future winters. Overall, the difference in winter stratopause temperatures is a combined effect of underestimation of stratospheric disturbances in the ECMWF data set and overestimation due to incomplete lidar sampling. In the other periods and height ranges no obvious bias exists and the differences are mostly around 5 K or less.
The lidar-MSIS differences for the region below about 70 km (not shown here) are partly lower than the lidar-ECMWF differences. Especially in the winter stratopause region the NRLMSISE-00 data show only ∼5 K lower temperatures. On the other hand the NRLMSISE-00 is warmbiased in the upper stratosphere by up to ∼7 K for the rest of the year. The differences between lidar and NRLMSISE-00 decrease towards the tropopause region. The general picture is comparable to the results of Schöch et al. (2008) for 69 • N, with their difference about twice as large compared to 54 • N.
Discussion
In this section we first provide a general discussion about our methods. In the second part we compare our results with other observations based on lidar and satellite soundings.
General discussion
The temperature data set presented here contains 266 observations (more than 1850 h), covering all seasons of the year with reasonable resolution. Each observation is longer than 3 h, and only profiles extending from the troposphere to the lower thermosphere are taken into account. By the averaging procedure gravity waves of 3 h, partly up to about 12 h period are smoothed out. The harmonic fit additionally removes effects of planetary waves, especially arising in the winter season. We have shown recently by comparison with Noctilucent Clouds around 83 km that our temperature profiles are free from significant systematic errors at least in the upper mesosphere and mesopause region (Gerding et al., 2007b) . The profiles are also corrected for the effect of aerosols which would induce an increasing bias below about 30 km (Gross et al., 1997; Faduilhe et al., 2005) . Behrendt et al. (2004) describe a lidar system using the rotational Raman technique also well above 30 km altitude, i.e. including the whole aerosol layer. For typical aerosol conditions above 20 km both methods should yield correct temperature profiles, with the statistical uncertainty of the rotational Raman temperatures being higher than the uncertainty of the data presented here. Furthermore, our method requires less laser power and/or telescope area.
Our observations support the concept of the two level (bistable) mesopause with a lower altitude in summer and a higher level during the rest of the year (e.g. She and von Zahn, 1998) . As a minor difference the start of the summer period in our observations (2002) (2003) (2004) (2005) (2006) (2007) ) is about two weeks later than in the earlier soundings (1996) (1997) presented by She and von Zahn (1998) . We will come back to this topic in Sect. 7.2. A double mesopause structure with an inversion layer in between is reported by States and Gardner (2000) for nighttime monthly means at 40 • N based on 2 years of lidar soundings. Our data set reveals no indications for a double mesopause even in spring and autumn as the temperature change around 87 km altitude is fast enough to establish or abolish the lower mesopause state within a few weeks.
The most important drawback of the data set presented here is the limited diurnal coverage. Some effects of diurnal tides on the true daily mean may remain, as the data presented here are obtained only during the night. States and Gardner (2000) describe some major differences in the temperature structure during day and night as measured by their lidar between 80 and 105 km at 40 • N. In general the profiles covering the whole day are warmer than the nightly means below ∼91 km and colder between 91-100 km (by ∼5 K and ∼3 K, respectively). By this the whole temperature structure in the mesopause region is changed, and the season with a low mesopause level is shortened. A recent study of Yuan et al. (2008) for the month of April reveals higher temperatures during the night above 88 km, and slightly lower temperatures (less than 4 K compared to full-diurnal data) between 84 and 88 km. The K lidar at our station was also run during day and night for at least part of the period described here (cf. Fricke-Begemann and Höffner, 2005) . We have evaluated the daily (24 h) means and the nightly means separately. E.g. for the month of June we found slightly lower temperatures in 24 h compared to nighttime-only in the whole range between 85 and 95 km, e.g. by ∼1 K in the 90 km region (not shown here). This average temperature profile might still be biased towards the nighttime-mean as only about 1/3 of all sounding hours are obtained during daylight. For the region below 85 km the RMR lidar at our site has a too bad signal-to-noise ratio during daylight to get continuous temperature profiles. In order to present a data set with the same time base for the whole altitude range we have limited this study to the nighttime soundings. The bias induced by this method is small, as the tidal effect at 54 • N is small compared to the latitude of 40/41 • N where the observations of States and Gardner (2000) and Yuan et al. (2008) are performed (e.g. Forbes, 2002, 2003; .
In summer the elastic backscatter received by the RMR lidar can be affected by additional NLC aerosol scattering between 80 and 85 km. This would result in strong warm/cold biases at the lower and upper edge of the NLC, respectively (Gerding et al., 2007a) . To avoid this error we have carefully removed all NLC signatures in single profiles with β(532)>0.1·10 −10 m −1 sr −1 . The remaining error induced by very weak and sporadic NLC on the nightly mean temperature profiles is much weaker than the statistical uncertainty and therefore negligible (Gerding et al., 2007b) .
Comparison with other observations
There are only very few comparable data sets of aerosol backscatter ratios or similar quantities above 20 km. Fromm et al. (2003) compile a data base of SAM II, SAGE II, and POAM II/III aerosol profiles. For our latitude they find no distinct seasonal variation but typically lower aerosol load inside the vortex than outside. Also our data with increasing backscatter ratios during the central winter period suggest some causal connection with the position of the vortex. Unfortunately, the data base of Fromm et al. (2003) shows no results above 30 km and even above 25 km the observational error becomes increasingly important. Other lidar soundings from mid-latitudes confirm our results on higher backscatter ratios in winter, even if the absolute numbers are slightly smaller than ours (Vaughan and Wareing, 2004) . The aerosol soundings demonstrate the necessity of correction methods for Rayleigh temperature retrievals in the 30 km range and below. Otherwise the atmospheric temperature may be underestimated.
Comparisons of our temperature observations with other experimental data sets are limited to partial height ranges, as other soundings typically do not cover the whole range from the troposphere to the lower thermosphere. Temperature soundings in the mesopause region are performed at our site since July 1996. Results of the first year of observations are presented by She and von Zahn (1998) . The authors describe a seasonal temperature variation generally similar to our results. Nevertheless there are differences in the mesopause temperature and the amplitudes and phases of the particular harmonic components. The summer mesopause temperatures decrease by about 10 K from 1996/1997 to 2002-2007 (this data set), whereas the mesopause altitude remains unchanged. The reason for this temperature decrease remains open, as we can not distinguish from our data set between a general trend, a solar-cycle dependency or larger-scale variability. The increase of the amplitude of the annual variation in the 95 km-region (3 K to 10 K for 1996/1997 and 2002-2007 ) might also be due to a long-term variation, as there is some tendency for increasing amplitudes in this range if we form subsets of our database (not shown here). Minor differences occur in the phases of the harmonic fit and the summer mesopause altitude. These can be explained by the different lengths of the data sets. We note here again that She and von Zahn (1998) describe only one complete annual cycle (88 observations between July 1996 and August 1997) while our soundings cover about 5 years (266 soundings, June 2002 -July 2007 . Xu et al. (2007) examine the global mesopause structure with temperature profiles from the SABER instrument onboard the TIMED satellite for the period February 2002 to February 2006. They find the nighttime summer mesopause at the latitude of Kühlungsborn around 83 km at temperatures of 145-150 K, i.e. 3-4 km lower than the mesopause in our observations, but at nearly the same temperature. This mesopause altitude difference between lidar and SABER data is confirmed by Xu et al. (2006) for the latitude of 41 • N. SABER as well as our lidar data give a decrease of mesopause altitude during the summer. During the other seasons the SABER mesopause is around 100 km at temperatures of ∼180 K. Again, our observations show a higher mesopause. But the mesopause temperature observed by the lidar is about 10 K lower. Both data sets agree in the slower transition between summer and normal state in spring compared to autumn.
The SABER mesopause altitudes are in agreement with the model results of the TIME-GCM (Xu et al., 2007) . But the summer mesopause temperatures in the model are as low as ∼130 K which is about 15 K below both our lidar and SABER observations. Such low temperatures and the low mesopause altitude would strongly affect phenomena like Polar Mesospheric Summer Echoes and Noctilucent Clouds. However, from our simultaneous lidar soundings we found generally good agreement between temperatures and NLC. NLC appeared at the lower edge of the supersaturated altitude range and no NLC has been observed during too warm periods (Gerding et al., 2007b,a) . The deficiencies of the TIMED/SABER temperature data in the polar and midlatitude summer mesopause region are at least partly due to the non-LTE retrieval as revealed by Kutepov et al. (2006) . examine the signatures of the QuasiBiennial-Oscillation (QBO) and the Semi-Annual Oscillation (SAO) in the TIMED/SABER data between 48 • S and 48 • N. The amplitudes and phases of the SAO in the mesosphere near 48 • N are similar to the results presented here. The smaller SAO amplitudes near 85 km and near 45 km are most probably due to the latitudinal differences. In other words, the occurrence of stratospheric warmings should decrease with decreasing latitude. We note also that our study of seasonal variations show a dominating annual oscillation at nearly all altitudes.
The dominance of the annual variation is confirmed by the studies of She et al. (1995) and Leblanc et al. (1998) for nighttime soundings in the range 30-105 km and Chen et al. (2000) for day and night soundings between 80 and 105 km. The latter present differences of amplitudes of annual and semiannual variations using diurnal means or nightly means that are typically less than 25%. In general the amplitudes at Ft. Collins (41 • N) are slightly smaller than at our location for both the annual and semi-annual variation (Chen et al., 2000) . Similar numbers are taken from the combined soundings at Ft. Collins and Observatoire de Haute Provence (44 • N), covering the range 30-105 km (She et al., 1993; Leblanc et al., 1998) . Here an additional maximum in the semi-annual component around 60 km has been found, which is not visible in our data at 54 • N and also not in the SABER data presented by for 44 • N. Both studies show similar phases of the annual component compared to our observation. The phase of the semi-annual variation at 41/44 • N is shifted by a couple of days towards earlier times. The studies of She et al. (1995) and Leblanc et al. (1998) shows additionally remarkable reversal in sign of the phase velocity around 80 km that is not found at our location. In general we interpret the differences in amplitudes (decreasing with decreasing latitude) and phases as latitudinal differences in temperature structure due to the residual pole-to-pole circulation.
For the stratopause region annual and semi-annual components are derived from SAGE II satellite based observations for different latitude bands (Burton and Thomason, 2003) . The most suitable latitude band is centred around 60 • N. Here the annual amplitude is about twice as large as our results, while the semi-annual component is only half. This difference can be explained by the large integration range of the SAGE II analysis, covering about 20 • in latitude. Phases are again similar to our observations.
Comparison with other latitudes reveals the position of our site at the edge between polar and mid-latitudes. Above we have compared our results mainly with observations between 40 • N and 44 • N, where several lidars exist. Towards the north the observational sites get sparse. Nevertheless a comparison is made for different specific features of the middle atmosphere.
The summer mesopause temperature is decreasing from mid-latitudes towards the north pole. At ∼40 • N the summer mesopause temperature is about 167 K as recently published from full-diurnal data by Yuan et al. (2008) Höffner and Lübken (2007) show summer mesopause temperatures as low as ∼120 K at 78 • N. The same studies show that differences between summer and winter mesopause temperatures increase with latitude. The differences are about 10 K, 25 K and 60 K at ∼40 • N, 54 • N and 78 • N, respectively. The increasing differences are mostly due to decreasing summer mesopause temperatures, while the winter mesopause temperatures are more constant at ∼175-190 K. The summer mesopause temperatures are due to a wave driven upwelling that is much stronger in polar regions compared to lower latitudes. As mentioned before, the Kühlungsborn latitude of 54 • N is at the edge of the polar region, with the slope of summer mesopause temperatures being steeper towards lower latitudes (∼1.7 K/deg) than towards higher latitudes (∼1.2 K/deg).
Also the date of lowest temperatures show some remarkable variation with latitude. While the lowest temperatures at ∼40 • N and also at 54 • N (this site) are reached around or shortly before summer solstice (cf. fit results given by Leblanc et al., 1998; States and Gardner, 2000) , they appear at polar latitudes 1-2 weeks after summer solstice (Lübken, 1999; Höffner and Lübken, 2007) . It remains an open question why the minimal temperatures are reached earlier in time in mid-latitudes, as the upwelling from the best of our knowledge starts in polar regions.
Stratopause temperatures show only small variations with latitude. Summarizing the observations at 41/44 • N, Leblanc et al. (1998) present a summer stratopause temperature of 280-290 K. This is about 10 K higher than the observations at 54 • N (this data) and at 69 • N Schöch et al. (2008) . At all latitudes winter stratopause temperatures are influenced by stratospheric disturbances, resulting in only slightly lower temperatures compared to the particular summer data.
Conclusions and summary
We have described the temperature structure of the Earth's atmosphere at 54 • N and its seasonal variation in the whole altitude range between 1 and 105 km (troposphere to lower thermosphere). The study is based on about six years of observations, i.e. 266 nights of 3-15 h sounding time (totally nearly 1900 h). We have compiled a unique data set of uninterrupted profiles that are observed by the same technique (lidar). For the first time temperature profiles have been combined from Raman-, Rayleigh-, and resonant backscatter lidars at the same location, providing comparable spatiotemporal resolution over the whole altitude range.
Seasonal temperature variations at mid-latitudes have already been published before (e.g. She and von Zahn, 1998; Leblanc et al., 1998) . In our study we have extended the existing data set strongly and have concentrated on the latitude of 54 • N. This latitude range is of particular importance as it connects polar phenomena like Sudden Stratospheric Warmings (SSW) and Noctilucent Clouds (NLC) with midlatitudes. In summer the mesopause temperature is as low as ∼144 K, i.e. the existence of ice particles is possible for a couple of weeks and in a small altitude range between about 85 and 90 km. In winter temperature profiles are also affected by Stratospheric Warmings and Mesospheric Coolings. Due to this transient phenomena the standard deviation of the nightly mean profiles in January is as large as 20 K at 40 km altitude and the winter stratopause temperature is about as high as in summer.
Regarding the vertical temperature structure our study generally confirms the findings of Leblanc et al. (1998) who combined observations from different stations to get a temperature field between the stratosphere and the lower thermosphere. Nevertheless there are distinct differences due to our more "polar" location. We have used harmonic fits of the temperature field at any altitude bin to reduce effects of natural variability and incomplete sampling of the seasonal temperature distribution. Overall, the harmonic fit of annual, semi-annual and quarter-annual variation nicely reproduces the observed temperature structure. Typically, the differences between observed and fitted temperatures are less than 5 K and are due to the above mentioned natural inter-annual and day-to-day variability. The influence of SSW on the temperature profiles is reduced, but the result of the harmonic analysis still shows a semi-annual variation in stratopause altitudes. The semi-annual amplitude is about as large as the annual variation with maximum in summer.
Comparing amplitudes of the different harmonics, the annual variation is always dominating and nearly ±27 K in the mesopause region. The quarter-annual variation is smallest, with amplitudes of less than 3 K. In the MLT (mesosphere/lower thermosphere) region (∼70-100 km) the amplitude of the annual and semi-annual variations are larger than observed at mid-latitude stations around 40 • N (Leblanc et al., 1998) , but much lower than e.g. observed near 90 km at polar latitudes of 78 • N (Höffner and Lübken, 2007) . The annual variation is driven by the residual pole-to-pole circulation, which has largest effects in the polar regions. Accordingly, the slope of mesopause temperatures with latitude is larger equatorward of our site compared to the poleward direction. This again demonstrates the importance of our observations at the edge of the polar region.
From the harmonic analysis we yield a downward propagation of temperature changes, with a phase velocity of about −0.4 km/d between 45 and 90 km altitude (semi-annual) or between 70 and 90 km altitude (annual). This reveals the general importance of waves for the seasonal temperature variation. Additionally, the phase jump of the annual component around 65 km describes the transition between the radiatively driven stratosphere (warm summer) and the dynamically driven MLT (cold summer).
The temperature variation at stratopause heights is roughly symmetric to the solstices. The stratopause temperature has a semi-annual cycle with maxima in winter and summer (266 K and 276 K, respectively) and minima in spring and autumn (263 K and 257 K, respectively). The average stratopause altitude is nearly constant throughout the year, varying only between 47 and 49 km. The mesopause has been identified at temperatures as low as 144 K in summer and about 170 K in winter. The mesopause altitude varies between ∼102 km in winter and 86/87 km in summer, with a transition phase of about two weeks or less. This sharp transition allows to identify a "summer season" (indicated by a low mesopause) with a length of about 120 days. The temperature minimum of the summer mesopause is observed around day 169, i.e. nearly at summer solstice. This is comparable to measurements near 40 • N, but in contrast to the observation of a 1-2 week phase shift at higher latitudes.
Our data set reveals some discrepancies compared to the most recent NRLMSISE-00 reference atmosphere and satellite observations. The MSIS temperatures are generally too high in the whole range between 70 and 105 km and for nearly all seasons. The available satellite observations show the largest discrepancies in the summer mesopause region. Here they provide typically too low temperatures and a too low mesopause, which are e.g. not in agreement with local observations of Noctilucent Clouds. The largest drawback of our own temperature profiles is the limited daily coverage. Actually we aim for complete daylight capabilities for the range 30-105 km to avoid potential influences of solar tides on the mean temperatures.
